As a result of asymmetric photic stimulation of many animals locomotion follows a circular path. If the animals are positively phototropic the path bends predominantly towards the stimulated side; if they are negative, towards the non-stimulated side. In such cases crossed innervation from the photoreceptors to the muscles of the locomotor organs on the opposite side must exist, which causes the tonus of the muscles on the two sides to be different (Garrey, 1918-19) . For an analysis of animal orientation to light, circus movements are of importance since they furnish evidence to the mechanism of orientation when other movements do not. Or they may furnish evidence confirmatory of that derived from other kinds of movement. In the majority of animals whose circus movements have been analyzed (see Minnich, 1919 , for a review of the literature), it has been found that the diameter of the circle turned varies inversely with the light intensity. This is what would be predicted from the tropism theory of Loeb, formulated in 1888, and is contrary to Mast's (1922) most recent theory that orientation is regulated by localized stimulation. A quantitative study of the positive circus movements of Limulus herewith presented shows that the photic orientation of this animal accords with the tropism theory, adding therefore one more link in the chain of evidence.
In the experiments' adult Limuli (from 20 to 60 mm. in diameter) were used, since it was found impractical to use the larval forms. Having determined that the normal animals are positively phototropic under laboratory conditions, and that the eyes are the" important receptors for photic stimulation, the next step was to test animals with a single functional eye. It should be noted that young Limuli possess four compound eyes, two large lateral eyes on opposite sides of the cephalothorax, and two small median, anterior eyes, one on either side of the median line. For testing circus movements, it was deemed best to remove or cover both median eyes and one of the lateral eyes, leaving only the opposite lateral eye functional. The removal was accomplished by a fine, sharp scalpel, and the covering by the use of asphaltum. Both kinds of asymmetric animals were allowed recovery periods varying from 4 hours to 2 days, according to whether the eyes were covered or removed. They were then subjected to the photic stimulation of three intensities. A cylindrical glass dish (inside diameter 295 ram.) lined on the inside with tissue paper, and surrounded on the outside by five 40 watt Mazda lamps, contained the single experimental animal. Underneath the dish was a circular cardboard marked off with 4 concentric circles and 4 diameters to facilitate the tracing of the animal's path. The intensity of the light at the center of the dish was not accurately determined, but was approximately 8,000 candle meters. When the lamps were moved outward so that they were 300 ram. from the center the intensity was approximately 2,000 candle meters, and when 450 ram. distant, approximately 900 candle meters. With this arrangement the intensity inside the dish was very nearly constant in all parts, and the illumination was diffuse and non-directive, the only conditions under which circus movements should be tested. The temperature of the water was 24 ° 4-3°C. Individual trials, usually of 3 minutes duration, were recorded separately on charts like the cardboard described above, except one-fourth smaller. After some practice it becomes easy to trace the path of an animal on the small chart as locomotion occurs in the dish. After the trial with the lowest intensity a test with the highest intensity was repeated to determine whether or not the animal was regular in its reaction. The paths of the animals were measured with a map measurer, and the number of degrees turned per centimeter was calculated, as will be described later. 135 trials on 38 different animals completed the observations. Before proceeding to a consideration of the results obtained it is necessary to call attention to the fact that Limuli freshly collected show a high percentage (about 25 per cent) of irregular reactions to photic stimulation; i.e., some animals will be indifferent to light, others will show a mixture of positive and negative movements, and still others will be definitely positive for a time, and then become the opposite. Among the reasons for such irregularity are the following: (1) the ease with which some individuals are "frightened" by handling; (2) the state of nutrition, "hungry" animals showing rapid movements in many directions; and (3) unknown causes due to previous stimuli. It becomes clear after observing Limuli, however, that they are fundamentally and primitively positive to light, but that many factors may modify or mask the phototropic reaction. Such behavior illustrates very well the fact that a primitive reaction of an animal, such as that to light, may be profoundly modified or even obliterated by other reactions occurring simultaneously. The idea of an inclined plane of behavior may be extended to the whole series of animals. Between the lowest forms, whose reactions to light and other stimuli are machine-like in character, and man, whose reactions to the same stimuli are nearly always modified or entirely suppressed by reason, there are all gradations of tropistic behavior.
It is not surprising, therefore, to find that Limulus, the anatomy of whose nervous system has led to the belief that the animal corresponds closely with the hypothetical ancestors of the vertebrates, shows a modified response many times in respect to light. That this is actually the case is shown by the following experiment which was repeated several times. A normal individual was tested and found to be positive to light; then it was taken up in the hands, turned over, and handled in various gentle ways, and tested again. For several hours afterward this animal was distinctly negative to light, creeping away into the dark as fast as possible, and showing strong stereotropism. On the next morning, however, it showed an equally distinct positive reaction. The effects of handling or "frightening" the animal set up other reactions, including a stereotropic one, which reversed the phototropic reaction. As soon as those effects had disappeared, the primitive positive response to light became again apparent. Before testing animals for circus movements the normal reaction was always investigated, and animals were selected which showed regularly positive phototropism. Another irregularity which sometimes appeared resulted from suddenly placing an animal under the greatest intensity after having been for some hours in the dim light of the stock aquarium. In these cases rapid movements in many directions occurred. If the intensity was decreased slightly for a few minutes, and then gradually returned to the former amount, regular circus movements appeared. It is concluded from this that in cases where an animal is suddenly subjected to strong illumination the positive phototropism may be obliterated by photokinesis.
Three records, considerably reduced in size, obtained from one animal under the three intensities, are shown in Fig. 1 . The left lateral eye in this case was functional, the others having been covered with asphaltum. In the first record it will be seen that the path bends predominantly towards the left side, there being only three places where right turns occur. Further, none of these right turns is more than 90 ° , while the total turning towards the left side is over 3,500 °, or nearly 10 complete circles. In the second record (2,000 candle meters) the path describes over 6 complete circles to the left and less than 2 to the right, and the diameters of the circles are of larger average than those in the first record. Under the intensity of 900 candle meters the path is more irregular, describing 4.5 circles to the left and nearly 2 to the right, the diameters being much greater than in the first two records. The paths of the other 37 animals were likewise recorded and measured. A simple and exact method of expressing the amount of turning in these records is to calculate the number of degrees turned per centimeter of path, as was done by Minnich. This gives a mean figure, represented by 0 ° cm., which measures the angle between the circular path and a tangent to the path at any given point. Any difference in the sizes of the angles obtained from the use of the three intensities must be due to the effect of light, since all other conditions remained constant. In Table I are given some of the data showing that the degrees turned per centimeter decrease with a decrease in light intensity; viz., 6.73 for 8,000 candle meters, 5.23 for 2,000, and 4.78 for 900. In other words, the diameter of the circles increases with a decrease in light intensity. Given the 0 ° cm. and the fornmla, C = 7rD, the diameter of the hypothetical circle which will represent that amount of turning per centimeter may be calculated. In this way the following diameters were found: 52, 67, and 74 cm. for the intensities of 8,000, 2,000, and 900 candle meters respectively. The ratio between these diameters 8.000 candle meters 2,000 candle rnetePs 900 candle meters FIO. I. Reproduced records of Animal 12, showing the pathways described under the illumination of three different intensities of light; ~/z., 8,000 candle meters, 2,000 candle meters, and 900 candle meters. Other records from the same individual, when averaged with the ones shown here, demonstrated the number of degrees turned per centimeter to be 5.9, 4.5, and 2.4 respectively. Length of trials, 3 minutes.
is 100-128-142, which when plotted as abscissm against candle meters as ordinates give the curve shown in Fig. 2 .
If the diameters of the circles are taken to represent the effect of light upon the asymmetric animal and the ratio of these diameters is plotted against the logarithm of the photic intensity, then the result- ing graph should be a straight line, according to the Weber-Fechner principle. In Fig. 3 this has been done, and it will be seen that the 8,000 I ' I I' cMly. They show, however, sufficiently clearly that the reaction of asymmetric Limulus is directly proportional to the intensity of the photic stimulus.
The data show another aspect of the reaction also depending upon the photic stimulus. In the last line of Table I are given the rates of creeping per minute under the three intensities; namely, 178 under 8,000,167 under 2,000, and 157 cm. under 900 candle meters. These figures are the means of the rates of individual animals. With the exceptions noted all the trials were of 3 minutes duration, the others being either 2 or 1 minute trials. This effect of varying the rate of movement by changing the photic intensity has been found in other animals, including the Japanese beetle (Moore and Cole, 1920-21) and Drosophila (Cole, 1922) , and is another demonstration that the reactions of animals to light are entirely mechanical in nature, and depend upon the rate of the photochemical reaction in the receptor.
A consideration of the behavior of asymmetric Limuli under the illumination of diffuse and non-directive light leads to the conclusion; therefore, that the path of locomotion is determined immediately by the difference in tonus of the leg muscles on the right and left sides, and remotely by the rate of the photochemical reaction set up in the eye. As the animal turns a complete circle the intensity of the photic stimulus remains practically constant. The rays of light enter all the facets of the eye at any given moment of time with the same intensity, which means that all parts of the retina are equally stimulated. Impulses travel along nerve paths to the central nervous system, are coordinated, and the majority of them proceed as motor impulses to the leg muscles on the opposite side. A few may pass to the leg muscles on the same side. The difference between the number and perhaps the strength of the impulses coming to the muscles on the two sides results in the tonus of one side being greater than that of the other. Consequently the legs on the former side will move at a greater rate, and locomotion will bend towards the side on which is the functional eye. Localized retinal stimuli, as contended by Mast (1922) , in such cases cannot account for the turning, since all parts of the retina are equally stimulated, even admitting that certain retinal foci are in nervous communication with definite parts of the body. It has been seen that many times this tropistic reaction is modified, so that the path does not follow a circle, or turns occasionally in the wrong direction. Such modification results from
